Effects of zinc sulfate (0 vs 1,142 ppm supplemental zinc from zinc sulfate) and feeding frequency (lx vs 12x daily) on ruminal protozoa numbers, fermentation patterns and amino acid passage were investigated using four ruminally and abomasally cannulated mature 
1980
). Because ruminal protozoa are involved in bacterial protein recycling (Veira, 1986) , zinc sulfate supplementation may affect the efficiency of dietary protein utilization as a consequence of defaunation. Another method that can be used to manipulate protozoa numbers involves altering the frequency of feeding. Increased feeding frequency (4 to 24 meals/d) stimulates protozoa numbers by twoto threefold (Hungate, 1966;  &die and Mann, 1979; Bragg et al., 1986) . The objective of this experiment was to use zinc sulfate supplementation and feeding frequency to manipulate ruminal protozoa numbers and measure associated effects on ruminal fermentation and metabolism of dietary amino acids (AA).
Experlrnental Procedure
Four ruminally and abomasally cannulated Jersey steers, averaging 530 kg, were used in a 2 x 2 factorial within a 4 x 4 Latin square experiment. Treatments consisted of two feeding frequencies, once daily (lx) and 12 times daily in equal portions at 2-h intervals (12x), and two concentrations of dietary zinc from zinc sulfate (36% as assayed by atomic absorption spectrophotometry to be 88 ppm and 1,230 ppm in the complete diet. The maximum tolerable dietary Zn concentration for ruminants is indicated to be 500 ppm (NRC, 1984) . Treatments were allocated so that all steers received each treatment during one of the four experimental periods and the pattern of dietary treatments fed to each animal was balanced.
Steers were fed 1.5 times their daily NE, requirement. The diet (Table 1) consisted of 50.6% wheat silage and 49.4% concentrate on a DM basis. Chromic oxide (Cr203) was used as a digestibility indicator (20 g/Fd.d]) and was premixed along with the zinc sulfate (27.1 g/Fd.d]) into the concentrate portion of the diet. The concentrate and silage were weighed, mixed and fed daily as a total mixed diet; steers had free access to water.
Each experimental period consisted of 14 d, the first 10 d of each experimental period were allowed for the animals to adjust to the level of zinc supplementation and feeding frequency.
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'Peilcin-Elmex Cop., Norwalk, CT. On d 5 and throughout the remainder of each experimental period, 1,800 ml of a 10 g/liter solution of Co-EDTA were continuously infused intraruminally as a water-soluble digesta marker. Feed and infusate were sampled daily and frozen for subsequent analyses of CrzO3 (Hill and Anderson, 1958) and Co-EDTA (Uden et al., 1980) by atomic absorption spectrophotometry7. Approximately 500 ml of ruminal and abomasal digesta and 200 g of feces were sampled on d 11 at 0100, 0700, 1300 and 1900, d 12 at 0300,0900,1500 and 2100, and d 13 at 0500, 1100, 1700 and 2300.
Ruminal fluid was strained through two layers of cheesecloth and analyzed immediately for pH. Three l-ml subsamples were obtained while the ruminal fluid was vortexed and preserved in 9 ml of methylgreen-formalinsaline (MFS) solution and refrigerated for later enumeration of ~m i n a l protozoa (Ogimoto and Imai, 1981 ). An additional 5-ml sample was acidified with 1 ml 25% metaphosphoric acid and stored (-3' C) prior to analysis of VFA (Anonymous, 1975 Analysis of AA contained in liquid and particulate abomasal digesta and representative samples of wheat silage and both experimental concentrates composited throughout the entire experiment also were conducted according to the procedures of Amos et al. (1984) . The ratio of diaminopimelic acid (DAPA) to total amino acid content of ruminal fluid bacterial isolates was used as a marker to estimate the relative contribution of ruminal bacteria to total AA in both liquid and particulate fractions of abomasal samples. The ruminal outflow of AA of both bacterial and dietary origin were estimated as the sum of AA contained in both liquid and particulate phases of digesta as determined by Co-EDTA and Cr2O3, respectively.
Protozoa were counted using a modification of the method of Ogimoto and Imai (1981 in the manner previously described, except that four of the 1/16-mm2 subdivisions were counted for protozoal family types in each of the 16, 1-mm2 areas (oligotrich or holotrich).
On d 14 of each experimental period, the rumen of each steer receiving zinc sulfate supplementation was completely emptied using a 16 gallon wetdry vacuumg and digesta were discarded. Approximately one-half of the ruminal digesta from the two remaining animals was removed, thoroughly mixed and then placed back into the steers that had received the zinc-supplemented diet in approximately equal parts for re-inoculation.
The data were analyzed as a 2 x 2 factorial experiment within a Latin square with degrees of freedom partitioned into steer, period, frequency of feeding (FF), zinc suLfate supplementation (ZN) and the interaction between frequency of feeding and zinc sulfate (FF x ZN) according to Cochran and Cox (1950) . Differences among least squares means for ruminal pH, VFA, NH3 N and protozoa numbers over time were statistically analyzed using a factorial split plot design with steer, period, FF, ZN and FF x ZN considered as the whole plot and time and its interaction with FF, ZN and FF x ZN as a sub-plot (Cochran and Cox, 1950) . Computations for the ANOVA were performed using GLM procedures of SAS (1982).
Results and Discussion
The nutrient composition of the total mixed diets is shown in Table 1 . The average nutrient composition of the wheat silage fed in this study was 12.0% CP, 57.6% NDF, 30.9% ADF and 9.9% starch. The control concentrate contained 16.0% CP, 21.8% NDF, 3.8% ADF and 55.3% starch, whereas the zinc-supplemented concentrate contained 18.5 % CP, 20.3% NDF, 4.0% ADF and 49.9% starch. Although experimental diets were formulated to be equal in nutrient content, subsequent analyses determined that the zinc-supplemented concentrate was 15.6% higher in CP, 6.9% lower in NDF and 10.1% lower in starch. This resulted in steers receiving 9.2% more protein, 2.2% less NDF and 6.2% less starch when fed the zinc-supplemented diet. The AA composition of composite samples of wheat silage and both experimental concentrates, along with AA intake values, are shown in Table 2 . The zinc-supplemented concentrate Supplementation of diets with zinc sulfate had variable effects on ruminal protozoal numbers that were dependent on feeding frequency. Levels of zinc associated with the ruminal liquid and abomasal particulate fractions of digesta were measured to provide some insight into these effects. The diurnal patterns of ruminal fluid concentrations of soluble zinc from zinc-supplemented steers were a function of the frequency of feeding ( Figure 1 ). Concentrations of soluble zinc in ruminal fluid averaged 3.5 and 4.8 mg/liter for zinc-supplemented steers fed l x and 12x daiiy, respectively. Levels of soluble zinc were highest (9.7 mgkter) 2 h postfeeding in zincsupplemented steers fed l x daily. Because zinc sulfate is relatively soluble (>20 g/dl) and zinc is predominantly absorbed in the small intestine (Miller, 1970) , its ruminal concentration in frequently fed animals should be a function of its intake and ruminal dilution rate. Based on these assumptions, ruminal fluid concentration of zinc should have been approximately 94 mgfliter in frwluently fed steers. It appears that the clearing of soluble zinc from ruminal fluid is more rapid than can be accounted for by ruminal outflow. The clearance of soluble zinc from ruminal fluid may indicate that it complexes with the ruminal digesta particulate fraction. In addition. based on abomasal particulate Zn concentration and abomasal DM outflow, an estimated 57% of dietary zinc was recovered with the particulate phase of abomasal digesta in Zn-supplemented cattle. Association of zinc with the particulate phase of abomasal digesta should reflect its association with the particulate phase of ruminal digesta. Although this evidence is indirect, perhaps zinc is associated with ruminal digesta particulate matter; this would explain why effects of zinc were variable with regard to defaunation in this and other experiments. Protozoa numbers were in a typical range even though the level of dietary zinc fed in this study (1,230 ppm) exceeded levels fed in other research with sheep fed purified diets that achieved defaunation (Bonhomme et al., 1979; Durand and Kawashima, 1980) . More research is needed to determine whether the effectiveness of zinc in defaunating the rumen is a consequence of its concentration in ruminal fluid.
An interaction (P c .lo) was found between zinc supplementation and feeding frequency (Table 3 ). The lowest numbers of protozoa were observed in steers fed zinc lx daily, whereas the highest counts were found in steers fed zinc 12x daily. Treatment effects on numbers of protozoa were not specific to either holotrich or oligotrich families, but the holotrichs composed only a small and uniform fraction (1.95 to 2.54%) of total numbers. The interaction between zinc and feeding fr-equency on ruminal protozoa numbers may be related to peaks of soluble zinc that differed according to the feeding frctquency of zinc-supplemented diets. Although average daiIy concentrations of soluble zinc were similar in ruminal fluid of steers fed zinc-supplemented diets, independent of feeding frequency, maximal levels of soluble zinc were twofold greater (4.7 vs 9.2 m a t e r ) when steers were fed lx daily ( Figure   1 ).
The 12x feeding frequency increased (P < .01) numbers of protozoa from 2.18 x 106 to 3.51 x 106 per milliliter of ruminal fluid (Table 3) . Frequency of feeding is thought to stimulate numbers of protozoa because the supply of substrate is continual and ruminal pH remains higher. In this study, diurnal variation in protozoa numbers occurred, regardless of treatment ( Figure 2 ). We had bMai n effect offfrequency (P < .01).
cZinc supplementation x feeding frequency interaction (P < .IO). ? ' t daily. Relative to treatment differences found with other VFA. ruminal fluid concentrations of propionate appeared to parallel most closely the protozoal enumeration results, even though propionate is considered to be a minor fermentation end-product of protozoa (Hobson and Wallace, 1982) . The concentration of propionate was increased 8.8% by zinc supplementation when steers were fed 12x daily but decreased 10.7% by zinc when steers were fed lx daily (P e .05 for interaction). Zinc feeding lowered ruminal fluid molar proportion of propionate by 5.6% in steers fed lx daily and increased it by 5.1% in steers fed 12x daily (interaction P e .05). Veira (1986) cited other studies with atypical VFA proportions associated with protozoa numbers and suggested that information on concurrent changes in the bacterial populations can explain such findings. A 6.8% shift in the acetate to propionate ratio, from 3.82 to 3.56, as a result of zinc supplementation was observed in steers fed 12x daily (P e .01). The magnitude of these changes in VFA proportions indicates that zinc had a minimal effect on ruminal bacterial endproducts.
Ruminal ammonia tended to be influenced by both treatments in a manner associated with fluctuations in protozoal counts; however, the effects of frequency of feeding were more evident ( Table 4) . Steers fed 12x daily had bMain effect of zinc supplementation (P < .E).
'Main effect of feeding frequency (P < .05).
ruminal ammonia levels that were 22.7%
greater than those of steers fed lx daily (P < .01). Ruminal ammonia tended to be highest in steers fed zinc-supplemented diets 1 2~ daily and tended to be lowest in steers fed zincsupplemented diets lx daily. The interaction between feeding frequency and zinc supple mentation was interpreted statistically as a trend (P < .12), although there was a 31.2%
increase in ammonia level of steers fed zinc 12x compared with the steers fed zinc IX daily. Although defaunation was not achieved in this study, these findings agree with results from defaunation experiments (Abou Akkada, 1965; Demeyer and Van Nevel, 1979) and the theory that greater protozoal populations are associated with more extensive ruminal protein degradation (Veira, 1986 Table 5 indicate that ruminal protein metabolism was altered significantly by zinc supplementation (Veira, 1986) . Changes in numbers of ruminal protozoa observed in this experiment were not related to postruminal bacterial AA flow. It appears that numbers of ruminal protozoa would need to be lowered to a greater extent to positively influence postruminal flow of bacterial AA.
The relative amounts of dietary amino acids fed in control and zinc-supplemented diets were different due to differences in CP content of the concentrates fed (T. able 2). Therefore, abomasal passage of AA as a percentage of intake was calculated and is presented in Table  6 . These values reflect the extent of ruminal AA synthesis in relation to fermentation of dietary AA and are a function of apparent ruminal AA digestion. Zinc supplementation decreased abomasal passage of total AA as a percentage of AA intake by 15.1% (P c .05).
Values for postruminal outflow of amino acids as a percentage of dietary intake are similar to those estimated from the literature with animals fed near their maintenance energy requirements. Values for postruminal outflow of amino acids estimated from Firkins et al. (1986) were 140 to 150% of dietary intake for m a m steers fed DM at 1.2 to 1.5% of BW, whereas values estimated from Santos et al. (1984) varied from 100 to 127% of intake with lactating dairy cattle fed DM at 2.5 to 2.9% of BW. In this experiment, abomasal passage of 10 of the 16 individual AA measured were decreased as a percentage of intake with zinc supplementation. The percentage difference from control-fed steers ranged from 14 to 22% (P e .05). The variation in the extent of abomasal recovery of individual AA as a percentage of their dietary intake may be related to differential rates of ruminal microbial utilization (Chen et al., 1987) and the contribution of microbial amino acids. However, from these data, it is not possible to determine whether the abomasal AA were patterned more closely after diet or microbial isolates. Britton and Klopfenstein (1986) reported that zinc salts, added at a level of 1.5 to 2.5% of the soybean meal and then subjected to a mild heat treatment, reduced ruminal degradation of soybean meal protein. These researchers fed 500 to LOO0 ppm zinc in various experiments, based on the level of soybean meal fed in their diets. Our research demonstrated that supplementing the diet with zinc sulfate, at a level of 1,230 ppm zinc, also decreased degradation and enhanced postnuninal passage of dietary AA. Zinc supplementation influenced protozoa numbers; however, effects of zinc on ruminal degradation of dietary AA do not appear to be mediated by these differences. Furthermore, the effects of zinc on protozoa numbers were opposite depending on the frequency of feeding; effects of zinc on ruminal dietary AA degradation were inhibitory regardless of feeding frequency. Zinc supplementation reduced postruminal passage of bacterial AA to an extent that net output of postruminal AA as a percentage of AA intake was reduced. This may partly explain the poor performance of lactating dairy cattle fed 2.000 pprn zinc in the form of zinc sulfate (Miller et al., 1989) . More research needs to be conducted to determine the optimum dietary levels of zinc salts to increase dietary ruminal escape protein, bacterial protein synthesis and animal performance.
lrnpllcatlons
Zinc sulfate, as an additive in the complete diet, reduced ruminal degradation of dietary protein (amino acids). Effects on ruminal protozoa numbers, fermentation end-products and partial digestion coefficients suggest that the mechanism whereby zinc sulfate inhibits ruminal AA digestion is not a direct result of changes in the ruminal microbial populations. The potential benefit of zinc sulfate to improve the performance of ruminants presumably would depend largely on the animals' requirement for protein relative to that supplied by ruminal microbial synthesis. Ruminal AA digestion was more extensive in frequently fed steers; thus, requirements for ruminal escape protein may be lower in animals with infrequent access to feed.
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